Porcine circovirus type 2 (PCV2) is a causative agent of porcine circovirus-associated disease (PCVAD), which is a serious problem in the swine industry worldwide. In recent years, nonporcine-origin PCV2 has attracted more and more attention of the researchers. This study reported on the first identification of PCV2 in farmed foxes with reproductive failure. Three fox-origin PCV2 strains were successfully isolated, sequenced, and designated as FoxHB1, FoxHB2, and FoxHB3 respectively. Pairwisesequence comparisons of the complete genomes revealed that three fox-origin PCV2 strains had nucleotide identities varied from 91.9% to 99.7% with representative strains of PCV2 different genotypes. Meanwhile, phylogenetic analysis based on complete genomes of 44 PCV2 strains indicated that the fox-origin PCV2 strains belonged to Chinese epidemic genotypes PCV2b and PCV2d. These results provided the first supported evidence that PCV2 could infect foxes, implying that the cross-species transmission of PCV2 would be a big threat to Chinese fur animal-bearing industry.
| INTRODUCTION
China has become one of the biggest countries of fur-bearing animals after 2010. But several adverse factors restrict fur animal breeding industry in China, especially poor feeding condition.
Moreover, the family farm model is the dominant model of fur animal breeding in China. Because of being surrounded by many other breeding farms, fur animals are easily attacked by cross-species diseases, especially those from pigs (Jin, Gao, Liu, Zhang, & Hu, 2016; Marcaccini et al., 2008; Wang et al., 2016) . Porcine circoviruses (PCV) are small, non-enveloped, circular single-stranded DNA viruses which were first detected in a porcine kidney cell line (PK-15). They belong to the Circovirus genus and Circoviridae family, and contain two types, which were named as PCV1 and PCV2 (Hamel, Lin, & Nayar, 1998; Zhai et al., 2014) .
PCV2 is found to be the main pathogen responsible for porcine circovirus-associated disease (PCVAD) which has caused serious economic losses in the swine industry worldwide (Kim et al., 2009; Meng, 2012) . Currently, PCV2 is divided into six different genotypes (PCV2a, PCV2b, PCV2c, PCV2d, PCV2e, and PCV2f) (Bao et al., 2018) . PCV2b and PCV2d are the dominating genotypes in China (Jiang et al., 2017; Wang et al., 2009; Yang et al., 2018) . The PCV2 genome has 1766 or 1768 nt and possesses at least 11 overlapping open reading frames (ORFs) (Guo, Lu, Wei, Huang, & Liu, 2010) . Besides the natural reservoir of pigs, PCV2
has also been discovered in other mammals (Herbst & Willems, 2017; Kappe et al., 2010; Li et al., 2010 Li et al., , 2011 Lorincz et al., 2010; Wang et al., 2016; Wang, Li et al., 2018) . Much attention should be paid to the situation of cross-species PCV2 transmission. In this study, we investigated the causative agent of fox reproductive failure and identified three fox-origin PCV2 strains from farmed foxes. This is the first time to isolate fox-origin PCV2 strains and to analyse their genetic diversity.
| MATERIALS AND METHODS

| Samples collection
In this study, three foxes with clinical signs of depression, lethargy, inappetence, and abortion were sent to our laboratory from three fox farms in Qinhuangdao City (Hebei, China) in 2017.
Different tissues including spleen and mesenteric lymph nodes were aseptically obtained and homogenized in phosphate-buffered saline (pH 7.4) using TissueLyser II (Qiagen), subjected to three freeze-thaw cycles and then centrifuged at 8,000 g for 10 min. A total of 285 serum samples from different fox farms in Qinhuangdao were collected by veterinary personnel and disposed as described above for PCV2 detection using PCR assay.
These samples included 135 serum samples of foxes with no symptoms and 150 serum samples with symptoms of abortion and sterility.
| Virus genome extract and (RT)-PCR assay
Viral nucleic acids of these tissue and serum samples were extracted using the TIANamp Virus DNA/RNA Kit (Tiangen Bioteck, Beijing) according to the manufacturer's instructions. (RT)-PCR assays were used to detect the common virus including canine distemper virus (CDV), canine adenovirus (CAV), canine parvovirus (CPV), Hepatitis E Virus (HEV), Pseudorabies virus (PRV), and PCV2, as described previously (Fan et al., 2016; Jiang et al., 2017; Liang et al., 2014; Nandi & Kumar, 2010; Walker et al., 2016; Zhang et al., 2017) .
| Virus isolation and indirect immunofluorescence assay (IFA)
The tissue supernatants of foxes were filtered through a 0.22-μm membrane (Millipore, Ireland) and incubated in Porcine Kidney Epithelial (PK-15) cells. The inoculum was removed and replaced with MEM plus 2% foetal bovine serum (Hyclone, USA) after virus adsorption for 1 hr, and continued incubating at 37°C with 5% CO 2 for 48 hr. After three serial passages, the third-passage viral cultures were used for IFA on PK-15 cells to determine the expression of PCV2 Cap protein using a monoclonal antibody against PCV2 Cap protein. Mock-infected PK-15 cells were used as negative control, and a pig-origin PCV2 strain Hebei1 (GenBank no. MG1824) was used as positive control.
| Viral genome sequencing and sequence analysis
The whole genome sequences of PCV2 were amplified as described previously (Yang et al., 2018) . PCR fragments of PCV2 were purified with Gel Extraction Kit (Tiangen Bioteck, Beijing) and cloned with the pMD18-T vector system (TaKaRa, Inc., Dalian) according to the manufacturer's instructions. The recombinant plasmids were sequenced by Beijing Augct DNA-Syn Biotechnology Co., Ltd. (Beijing, China). Multiple sequencing alignments of the PCV2 complete sequences were generated after assembling using the SeqMan program of DNAStar software (Madison, USA).
The percentage of nucleotide sequence divergences were further assessed using the MegAlign software. Phylogenetic trees were constructed using the neighbour-joining method in MEGA 7.0 software (Kumar, Stecher, & Tamura, 2016) . Percentages of replicate trees in which the associated taxa clustered in the bootstrap analysis of 1,000 replicates are shown as nearby branches (Felsenstein, 1985; Saitou & Nei, 1987) .
| RESULTS AND DISCUSSION
After collecting fox samples, we immediately conducted bacterial culture. The samples of spleens and lymph nodes were inoculated onto both tryptic soy agar plates and blood agar plates and cultivated in aerobic and anaerobic conditions respectively. After 36 hr, there was no common bacterium observed on the plates. Meanwhile, further viral detection was carried out to detect common virus infected in foxes, such as CDV, CAV, and CPV. The results proven all samples negative by (RT)-PCR detection using specific primers to the viruses above (data not shown). Recent studies have indicated that fur-bearing animals are suffering from porcine pathogens, such as HEV, PRV, and PCV2 (Jin et al., 2016; Krog, Breum, Jensen, & Larsen, 2013; Wang et al., 2016; Wang, Du et al., 2018 ).
Then we suspected that the farmed foxes might be infected with these porcine pathogens. Therefore, we analysed the samples for HEV, PRV, and PCV2 using specific primers as described above (Fan et al., 2016; Jiang et al., 2017; Liang et al., 2014) . Surprisingly, these fox samples were all PCV2-positive and all negative for HEV and PRV.
In order to confirm the existence of PCV2 in these foxes, we performed virus isolation and IFA assay on PK-15 cells. After five respectively. To establish the genetic relationships of these fox-origin PCV2 strains compared with other PCV2 representative strains, a phylogenetic tree was produced. Phylogenic analysis showed that the three fox-origin PCV2 strains were divided into two genotypes (PCV2b and PCV2d), thereinto, strain FoxHB1 and FoxHB3 belonging to PCV2b, and strain FoxHB2 belonged to PCV2d (Figure 1 ), which currently are the epidemic PCV2 strains in China (Ge, Wang, Guo, & Yang, 2012; Jiang et al., 2017; Li et al., 2016; Yang et al., 2018) .
After the discovery of fox-origin PCV2, we performed a retrospective epidemiological study in the fox farms. A total of 285 serum samples from different fox farms in Qinhuangdao were collected and detected by PCR. The PCV2-positive rate was 49.8% (242/285), including 94.8% (128/135) in diseased foxes with symptoms of abortion and sterility and 9.3% (14/150) in foxes with no symptoms. This result revealed that there was a higher PCV2-positive rate in the aborted or sterile foxes, while there was a lower PCV2-positive rate in healthy foxes indicating that PCV2 may be one of the main aetiological agents to result in the reproductive failure of farmed foxes.
For tracing the origin of these three PCV2 strains, serum samples of sick pigs around the three fox farms were detected and sequenced PCV2 on a large scale. The results of whole genome sequencing revealed that there were three corresponding PCV2 strains isolated in pig farms around the fox farms, which shared 100% nucleotide identity compared with those of the three foxorigin PCV2 strains respectively. This further confirmed that these PCV2 strains derived from pigs. Horizontal transmission was confirmed to be the most efficient way of PCV2 spread between infectious and susceptible individuals (Rose, Opriessnig, Grasland, & Jestin, 2012) . Besides direct transmission route, PCV2 could also spread via nose-to-nose contact, faecal-oral, vaccine, or aerosol route (Patterson & Opriessnig, 2010) . In addition, water pollution, food contamination, and personnel were the potential factors of PCV2 transmission (Dupont, Hjulsager, Kristensen, Baekbo, & Larsen, 2009) . Therefore, very strong biosecurity barriers between fur animal farms and pig farms should be needed to avoid spread of PCV2. In summary, to our knowledge this is the first time that PCV2 has been reported in foxes. This finding will help to elucidate the genetic evolution and epidemiology of fox-origin PCV2, which is a prerequisite for disease control and prevention. More work concerning the infectious mechanism of PCV2 in foxes and commercial PCV2 vaccines for foxes merits further study.
F I G U R E 1 Phylogenetic trees of the whole genome sequences of PCV2. The tree was constructed using MEGA 7.0 software with neighbour-joining methods and 1,000 replicate sets on bootstrap analysis. Three fox-origin PCV2 strains were labelled with black triangles (▲)
